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ABSTRACT
This paper describes the behavior of an Organic Rankine Cycle (ORC) fed by a heat source with adaptable temperature
and mass flow. For a suitable choice of working fluid, the setting of its evaporation pressure is crucial for the
performance of an ORC installation. The higher the evaporation pressure, the higher the cycle efficiency on the one
hand, but the lower the energy recovered from the heat source due to a higher outlet temperature on the other hand.
An optimum has to be found to achieve maximum net power production. Heat source temperature profiles typical for
geothermal and solar applications are simulated with an electric thermal oil boiler.
An optimal control strategy, based on the installation empirical model is developed and verified on an 11 kWe ORC
test rig. The installation consists of a reversed single-screw compressor acting as expander, plate heat exchangers
acting as evaporator, internal heat exchanger, and condenser and a variable speed multistage centrifugal feed pump.
Data acquisition and visualization are realized in a LabView application, which also includes thermodynamic
parameters that cannot be measured directly, but are calculated in real time by means of thermophysical property
library, CoolProp (Bell et al., 2014).
The test rig can be charged with different working fluids. This paper deals with the results obtained during test runs
with SES36 (Solkatherm) and R245fa, which are commonly used fluids in low temperature heat recovery applications.
The oil temperature at the evaporator inlet is limited to 125°C because of the expander design: the average temperature
may not exceed 120°C and the maximum pressure is 12 bar. Subcooling caused by non-condensable gases present in
the working fluid, typically the case for installations with sub-ambient pressure in the condenser (in particular
Solkatherm-filled), is taken into account.

1. INTRODUCTION
Several ongoing technological developments focus on the conversion of heat at lower temperature into useful work or
electricity, inter alia, the Organic Rankine Cycle (van den Broek et al., 2012). The latter technology offers new
opportunities of energy saving and contributes to CO2 reduction. In the frame of two projects granted by IWT Flanders,
the effective use and development of new energy saving technologies addressing global warming issues were studied.
The first project focused on renewable energy sources, while the second targeted industrial waste heat. In most cases,
the residual heat cannot be recovered in the process. Some solar and geothermal applications were studied as well.
Multiple simulations were performed to find an optimal working fluid, cycle architecture and working point of an
ORC system (Vanslambrouck et al., 2012).
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In order to validate obtained results, a laboratory scale test rig was built. It is currently used in the ORCNext project
(www.orcnext.be), which targets the advancement of ORC through new expander technology, advanced cycles,
transcritical operation, understanding of dynamic response and related model based predictive control strategies as
well as the economic achievability. The results introduced in this paper are obtained during the test sessions in the
laboratory. In literature, many theoretical investigations on the comparison of fluid properties can be found [e.g. Badr
et al., (1985), Saleh et al., (2007) and Quoilin et al., (2011)]. Much less work has been published on the behavior of
fluids in actual installations [e.g. Bracco et al., (2013), Farrokhi et al., (2013)]. Even rarer are experimental
comparisons of fluids performed on the same installation (e.g. Huck et al., 2013). One particular objective of this work
was to assess whether a non-optimized unit, built from “off the shelf” components, can be adjusted to different
temperature levels by replacing the working fluid and optimizing the pump rotational speed.

2. TEST PLATFORM DESCRIPTION

Figure 1: Test rig (left) and schematic diagram (right).

2.1. ORC Unit
For the ORC expansion device, a reversed single screw compressor is used, acting as an expander and driving an
asynchronous generator with 11 kWe nominal electric power (Figure 1). The single screw expander is characterized
by an internal built-in volume ratio of approximately 5. The asynchronous generator is connected to the electric grid
through a four-quadrant inverter, which allows varying the generator rotational speed from 0 to 3600 rpm. In the tests
described in this paper, the generator rotating speed was kept constant at 3000 rpm to simulate a small-scale ORC
installation directly connected to the 50Hz electric grid. The circulating pump is a vertical variable speed (0-3000
rpm) 14-stage centrifugal pump with a maximum pressure of 14 bar and 2.2 kW nominal power. The power produced
or consumed by the rotating equipment and their rotational speeds are detected through their inverters. Three identical
brazed plate heat exchangers function as evaporator, internal heat exchanger and condenser. The evaporator is
insulated with a glass wool layer of 180 mm thickness.
The working fluid flow meter is of Coriolis type, enabling a direct measurement of the mass flow. Absolute pressure
sensors with a range of 0-16 bar and built-in 4-20 mA transmitters are used to measure the pressures. The uncertainties
of sensors installed on the test rig are summarized in the Table 1.
The working fluid can be replaced. In the scope of this survey, SES36 (Solkatherm) and R245fa are subsequently used
and compared.
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2.2. Heat Source
An electrical boiler, consisting of ten heating elements, has a thermal power of 250 kW that can be smoothly varied
from 0 to 100%. It is connected to the evaporator via an intermediate thermal oil circuit. The heat transfer medium
used is Therminol66. The advantage of this oil type is that the heat source loop remains unpressurized within the
whole temperature range up to 350°C. The oil circulating pump speed is constant, in accordance with the manufacturer
requirements. The oil flow entering the evaporator is automatically adjusted by a three-way valve and measured by a
pressure difference flow meter. This pressure difference is further transformed to a mass flow rate using the properties
of the thermal oil and the correlation provided by the manufacturer of the boiler. Its accuracy is 0.1% of the full scale.
The evaporator in- and outlet temperatures are measured with A-class resistance temperature detectors (RTDs) of
PT100 type. The piping in the vicinity of the temperature sensors is insulated with glass wool of 80 mm thickness.
Since the temperature difference must be measured very accurately in order to prevent a notable error in thermal power
calculations, a matched pair of thermometers is used with a maximal error of 0.05°C.

2.3. Heat Sink
The heat sink consists of a glycol/water solution (32% vol. ethylene glycol) cooling circuit. The circulation pump
speed is variable; there is also a three-way valve to simulate different temperature profiles. The temperature level can
be adjusted as well as the temperature difference. The flow meter is of ultrasonic type with an accuracy of 0.05%
within the design region; the measured volume flow rate is recalculated to a mass flow rate based on the mixture
properties as a function of the glycol concentration and the solution temperature. The condenser heat is rejected to the
ambient by means of a dry air cooler with 480 kW nominal capacity at 60°C difference with the ambient temperature.

2.4. Control System
The control system is two-layered: all sensors and actors are connected to a PLC, which provides the basic control
such as a soft start/stop and safety options. A computer with LabView is used for advanced control and data
visualization. If there is no signal from the higher level, the PLC brings the installation to a closest safe state to avoid
an emergency stop and cooling down of the installation. Thermodynamic calculations are performed in real time with
the CoolProp library (Bell et al., 2014). A wrapper is designed for the connection to the LabView shell
(http://sourceforge.net/projects/coolprop/files/CoolProp/4.1.2/Labview).
Table 1: Range and accuracy of the measuring equipment.
Variable

Device type

Range

Uncertainty

ṁORC
ṁoil
ṁoil
TORC
Tsnk
Tsrc
ΔTsrc
ΔTsnk
p

CFM
Δp
ultrasonic
RTD
RTD
RTD
matched RTD
matched RTD
APS

0 kg/s to 1.8 kg/s
0 mbar to 250 mbar
0 l/s to 6 l/s
50 °C to 300 °C
0 °C to 150 °C
30 °C to 350 °C
30 °C to 350 °C
0 °C to 150 °C
0 bar to 16 bar

0.09 kg/s
0.1 %
0.1 %
0.4 °C
0.4 °C
0.4 °C
0.05 °C
0.05 °C
0.016 bar

3. TEST DESCRIPTION
3.1. Comparison Criteria
In order to compare two different fluids with different pressure levels, an optimization parameter needs to be chosen
that is independent from working pressures in the ORC unit. As Brasz (2008) proposed, the global efficiency (Equation
5) should be used instead of the cycle efficiency (Equation 3), since it takes the efficiency of waste heat recovery as
well into account.
The net power is given by the generated electric power from which the pump power is deducted:
𝑊𝑛𝑒𝑡 = 𝑊𝑔𝑒𝑛 − 𝑊𝑝𝑢𝑚𝑝
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The power consumed by the PLC and measuring devices is neglected. The thermal power recovered from the thermal
oil circuit is given by:
𝑊𝑡ℎ = 𝑚̇ ∙ 𝑐𝑝 ∙ ∆𝑇𝑜𝑖𝑙

(2)

The net efficiency is calculated as follows:
𝜂𝑛𝑒𝑡 =

𝑊𝑔𝑒𝑛 − 𝑊𝑝𝑢𝑚𝑝
𝑊𝑡ℎ

(3)

Thermal power, which can be recovered from the waste heat source, is calculated as the heat carrier is cooled down
to the ambient temperature:
𝑊𝑟𝑒𝑐 = 𝑚̇ ∙ 𝑐𝑝 ∙ ( 𝑇𝑜𝑖𝑙 − 𝑇𝑎𝑚𝑏 )

(4)

The global efficiency is then given as:
𝜂𝑔𝑙𝑜𝑏 =

𝑊𝑔𝑒𝑛 − 𝑊𝑝𝑢𝑚𝑝
𝑊𝑟𝑒𝑐

(5)

3.2. Test Conditions
The heat source temperature for low-grade solar and geothermal applications mentioned in literature [Tchanche et al.,
(2009), Liu et al., (2013), Barbier, (2002), Zhou, (2014)] is typically 90-150°C. The temperature of the heat carrier
entering the ORC evaporator is limited by the bore depth for geothermal heat sources or by the losses to the ambient
and materials used for sun collectors. Tracing systems and buffer tanks are frequently used in solar installations to
ensure constant heat delivery. That means that the inlet temperature is quite stable and therefore it is kept constant
during the experiments.
By varying the flow rate of the thermal oil and the ORC evaporating pressure the cooling of the heat carrier down to
85-95°C is simulated. In contrast with biomass applications, the lower return temperature is not of a big importance
since no flue gasses have to be cooled down as low as possible and the power absorbed from the heat source is not
affected by the temperature of the returning heat carrier. The lower the temperature change, the higher the flow rate is
needed to recover more thermal power. This in turn means a higher circulating pump power consumption, however,
during the experiments all losses caused by auxiliary equipment were neglected.
During the tests, the thermal oil mass flow rate is kept relatively low (0.6 - 1.5 kg/s) in order to obtain a notable cooling
of the thermal oil in the evaporator and to observe a clear pinch point phenomenon (e.g. Li et al., 2012). The oil inlet
temperature is maintained constant at 126°C ±1°, hence the recoverable heat is the same for both fluids. This measure
also ensures the same heat losses to the environment, which can therefore be further neglected in a comparison.
At the start of tests, the pump rotational speed is adjusted such that the working fluid is superheated to about 35°C.
By increasing the speed with steps of 50-100 rpm, a saturated vapor state at the outlet of the evaporator is approached.
When the superheating drops below 5°C, a smaller step of 10 rpm is chosen to avoid flooding in the evaporator during
the settling of the flow rate since the installation is not equipped with void fraction control at the inlet of the expander.
During all tests, the generator rotational speed remained constant at 3000 rpm to simulate a direct 50 Hz grid
connection.
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3.3. Superheating and Steady State Detection
As proposed by Woodland et al., (2012), a steady state is automatically detected if within 10 minutes the deviation
of the following parameters is smaller than:
Temperature Difference
< 0.5°C
Pressure Change
<2%
Mass Flow Change
<2%
Rotating Equipment Speed Change < 2 %
The time required for the two measured temperatures in the condenser to stabilize is longer than for all other
parameters mentioned, therefore these temperatures are taken as indicators of a steady state.
The superheating temperature is calculated as the difference between the expander inlet temperature and the saturation
temperature corresponding with the pressure measured before the expander (calculated with CoolProp). When wet
expansion takes place this temperature difference becomes zero. The measured and calculated values are visualized
real-time in a T-s diagram in a LabView dashboard tool as reproduced in Figure 2.

Figure 2: ORC dashboard with T-s diagram (R245fa).

3.4. Pinch Point Detection
The thermal oil temperature at the point where the working fluid starts to evaporate is also calculated. A minimum in
the temperature difference is assumed to correspond with the first pinch point. The second pinch point is detected
similarly from the difference between the oil inlet temperature and the working fluid expander inlet temperature.

4. RESULTS AND DISCUSSIONS
4.1. General Observations
Previous tests with Solkatherm revealed an almost linear dependency of the system net efficiency on the working fluid
evaporation pressure. This can be explained by the fact that the volume flow through the volumetric expander, rotating
at constant speed, is constant. The superheated vapor mass flow is then defined by the working pressure and
temperature. The higher the pump speed, the higher the expander inlet pressure and the mass flow rate through it and
vice versa. Therefore, decreasing the pressure does not lead to increasing thermal power absorbed from the heat source
due to a lower mass flow rate.
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Figure 3: Net electric power and superheating as a function of the pump speed (Solkatherm).
The maximum efficiency is obtained at high pressures when the superheating is minimal. However, a slight decrease
is detected closer to the saturation point (Figure 3). In order to detect this maximum more accurately, additional tests
were performed near the saturation limit.
The global efficiency is calculated in real time and visualized. After the maximum is reached, the pump rotational
speed was changed with small steps until wet expansion was clearly detected. Since wet expansion as such falls outside
of the scope of this paper, this is avoided when possible during the tests. When a wet expansion takes place, an
increasing mass flow at the same pressure is detected. It can be clearly seen on the top of the graph in Figure 4. The
circulation pump consumption increases while the power produced by the generator decreases leading to a lower
global efficiency.

Figure 4: Expander inlet pressure as a function of the working fluid mass flow rate (Solkatherm).
As can be seen in the close-up view in Figure 5, after the obtained maximum, unstable operation occurs (from 1980
rpm in this case). The underlying cause can be the specific ORC unit design or a boiling pattern formation in the
evaporator. This range should be avoided in real applications of such machines.
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Figure 5: A closed view to the saturated expansion (Solkatherm).
In Figure 6, the approach to a saturation point is visualized. The last big step of 70 rpm from 1670 to 1750 rpm causes
an overshoot of the mass flow (left part of the graph, at around 400 s). Such big changes of rotational speed close to
the fluid saturation point can cause a liquid overfeed and flooding of the evaporator, therefore small steps of 10 rpm
are applied. At 1500 s, a sudden increasing mass flow rate is detected. The pressure before the expander at the same
time decreases. The evaporator is completely filled with liquid and the pressure drop becomes minimal. The last step
at 1920 s increases the mass flow rate once again while the pressure remains constant. That indicates that the saturation
of fluid is reached and the expansion becomes wet. Decreasing the rotational speed back after that point restores a dry
expansion.

Mass flow
rate, kg/s

0.35
0.3
0.25

1750
1700
1650
7

Expander inlet
pressure, bar

Pump speed,
rpm

0.2
1800

6.5

6
300

500

700

900

1100

1300

1500

1700

1900

Time, s
Figure 6: ORC mass flow, pump rotational speed and expander inlet pressure.

2100

4.2. Main Results
The performance of the installation charged with different fluids shows manifest similarities:
The maximum efficiency has been obtained in conditions with a superheating of 10-15°C (Figure 7) which is lower
at higher levels of available thermal power or of the heat source mass flow rate. The top left corner of R245fa map is
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excluded due to too high pressure (out of the set-up safety range) corresponding with a low superheating level. Based
on these maps, correlations for a maximal efficiency can be made and used to control a real installation.
3.5

2

1.8

2

200
1.5

2.8

2

2.4

1

5

10

15

160

2.9

0.5

3

20

Superheating, °C

25

1

140
2.8

2.8

3.4

3.4

1.5

2.8

2.5

0.5

3.2

0

2.
5

2.6

2.6
3.2

120

2.7

30

35

0

120

2.9

2.
7

0

5

2.
6

140

3

2.7

2

2.8

3

180

2.6

7
2.

2.8

160

2.6

2.5

4
2.

2.
2

2.6

180

200

2.
3

2.4

2.5

2
2.

2.6

2.5

220

2.
8

2.4

8
1.

Available thermal power, kW

2.5
220

2.1

2

3

2.4

240

2.2

2.4

2.4

3

2

1.
6

240

2.2

2.2

3.5

2.3

260

1.
4

Available thermal power, kW

260

2.9

10

15

20

Superheating, °C

25

30

4
2.

35

0

Figure 7: Global efficiency (%) maps of Solkatherm (left) and R245fa (right).

Solkatherm:

ΔTsup = 7·10-5 · Wrec2 - 0.0457 · Wrec + 11.834

(6)

R245fa:

ΔTsup = -0.0006 · Wrec2 + 0.1961 · Wrec - 0.8286

(7)

Equations 6 and 7 represent an optimal superheating level as a function of the recoverable thermal power for the
thermal oil inlet temperature of 125°C. A set of correlations can be composed for a certain typical range of the oil inlet
temperature to include it as a parameter as well.
At higher superheating levels (>20°C) the global efficiency decreases very quickly, since it corresponds with low
mass flow rates of the working fluid and low thermal power absorbed from a heat source.
There is a certain maximum of the global efficiency detected at 140 kW available thermal power and 12°C of
superheating in case of R245fa that can be also expected for Solkatherm at lower power. This power level, however,
falls out of the region tested.
At lower available power levels, the generator and the circulating pump work at part load far below the design point
and their efficiency drop drastically causing decreasing global efficiency.
For the chosen temperature levels, Solkatherm in comparison with R245fa performs better due to the higher pressure
ratio (9-11 vs. 5-7). In order to use R245fa and to achieve a comparable efficiency under the same conditions, an
expander with a higher working pressure (up to 20 bar) must be used.
The influence of the cooler performance on the cycle efficiency should not be underestimated. The thermal power
rejected to the ambient is a function of the temperature difference between the ambient and the coolant. At higher
power levels, the temperature of the circulating fluid increases, which causes a higher condenser temperature and
therefore lower cycle efficiency (the upper parts of the global efficiency maps). However, a bigger cooler can be
unaffordable for a small-scale ORC application.
During the summer, the condensation pressure of R245fa can reach a relatively high level. A temperature of 40-45 °C
in the cooling circuit is quite possible for such compact installations. The temperature of 45.6°C corresponds with 3
bar, which is the limit for the test rig. The expander is a modified compressor with a housing and suction chamber,
normally operating at the ambient pressure and therefore not designed for a much higher pressure.
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5. CONCLUSIONS
The main difference between theoretical comparisons and experimental ones is that simulations are typically
performed with certain assumptions and simplifications like varying one or two parameters keeping all the rest
constant. In practice, however, the system components work at different efficiencies for the same external setpoints
influencing each other. An empirical model can provide a possibility to control a real installation in an optimal way.
A control strategy, based on maximum power produced, normally applied in small commercial machines, is not fast
enough when the thermal input is changing quickly. When a working point is chosen close to a saturation point, any
drop in power input can lead to a liquid overfeed in the evaporator and subsequently in a long recovery period. This
leads to a significant decrease of power production. A good solution can be to maintain a certain small level of
superheating (10-15°C). Below this level, the pump speed should be decreased. Since the temperature before the
evaporator responds rather quickly to any oil temperature change, it is the most suitable parameter for the ORC control
designed for this installation.
In practice, it is difficult to maintain a stable working fluid mass flow rate near the saturation point in an installation
equipped with plate heat exchangers, a centrifugal (non-volumetric) pump and without a liquid/gas separator. When
the saturation point is reached, the pressure drop in the evaporator can suddenly decrease, resulting in a significantly
higher mass flow rate at the same pump rotational speed. This leads to a liquid overfeed of the evaporator and wet
expansion as a result. If the pump and the expander are not sized properly to operate under such conditions, a drastic
drop of the net power occurs and the overall efficiency may decrease as already mentioned.
Since void fraction detection is not common in ORC industry and liquid/gas separators are not a profitable option for
small installations, an accurate online calculation of the superheating level while changing the pump speed can offer
an affordable solution. Depending on the control unit, it can be a real time calculation using CoolProp library, or a
lookup table stored in memory.

NOMENCLATURE
Abbreviations:
ORC
PLC
RTD
APS
CFM

Organic rankine cycle
Programmable logic controller
Resistance temperature detector
Absolute pressure sensor
Coriolis flow meter

Subscripts:
e
th
oil
rec
sup

ṁ
W
T
h
q
cp

Mass flow rate
Power
Temperature
Specific enthalpy
Vapor quality
Heat capacity

(kg /s)
(kW)
(°C)
(J/kg)
(-)
(J/kg·K)

Greek characters:
ρ
η
Δ

Density
Efficiency
Difference

(kg/m³)
(-)
(-)

Electric
Thermal
Thermal oil
Recoverable
Superheating
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